Aluminum alloy 2024-T3 was treated by two different methods of surface treatments i.e. by alkaline etching and warm water treatment followed by silanization method in order to enhance the adhesive bonding. The effects of both the substrate surface condition and the adhesive properties on single-lap shear resistance were analysed. Three different formulation of polyurethane adhesive by varying the NCO:OH ratio which were prepared from polyol based on polycaprolactone (PCL)/palm kernel oil (PKO) with an aromatic and cycloaliphatic diisocyanate. Moreover, wettability tests were performed in order to evaluate the effect of all parameters mentioned above on the substrate/adhesive interaction. Surface treatment with warm water and ɣ-GPS gives better wettability and adhesive bonding compared to alkaline etching surface treatment.
Introduction
Aluminum and its alloys are today considered one of the most practical of metals for a variety of reasons. Its low cost, light-weight, and modern appearance are among the primary reasons for its widespread use. It is non-sparking, electrically conductive, thermally conductive, non-magnetic, and chemically resistant. It is widely used in the construction, marine and aircraft industries because of its ease of fabrication, non-toxicity and resistance to the corrosive atmospheres of industry and marine environments.
The significance of joining technology with adhesives is increasing in the field of manufacturing because it has many advantages compared with other joining methods. The adhesive bonding of aluminum structures is widely practiced in aircraft, automotives and marine industries. Adhesive bonding offers capabilities such as large area bonding, bonding of dissimilar materials of varying thicknesses, lighter weight and the use of less heat to create an adhesive joint eliminating any thermal distortion or residual stresses generally caused by heating [1] .
In order to obtain interaction between an adhesive and a substrate, it is necessary the adhesive to wet the substrate. Thus, surface preparation before applying the adhesive is of prime importance. Some researchers have investigated the properties of adhesive bonding by immersing the aluminum in boiling water, followed by the application of silane. Rider and Arnott [2] have shown that the durability of aluminum bonding with this surface treatment has improved. Unfortunately, when it comes to the real industrial field, it would not be easy to immerse the large size of aluminum sheet in the boiling water especially for aircraft application. Aluminum has a very high thermal conductivity, and achieving this temperature uniformly over the area to be processed can be problematic in repair scenarios. This limitation attracted other researchers to find the alternative method. Underhill and Rider [3] reported that a porous hydrated oxide structure can be obtained on the aluminum alloy 2024 T3 and 7075 T6 when immersed in water temperatures as low as 40 o C. The aluminum alloy 2024 T3 that has undergoes the pre-treatment with warm water 50 o C has shown an excellent performance on epoxy adhesive bonding [4] .
Another surface treatment that has attracted among researchers is alkaline etching, by immersing aluminum substrates in a solution of sodium hydroxide (NaOH). The results shown in other work [5] demonstrate that NaOH treatment can be considered to improve the adhesive bonding. Furthermore this treatment involves no high temperatures.
Most of the literature works on surface treatment using epoxy adhesive, but the lack of literature work using of polyurethane (PU) as adhesive resin inspired the authors to investigate the effect of surface treatments on the properties of PU adhesive/aluminum bonding. We focused our attention upon the reacting of polyols with different NCO:OH ratio and a combination of cycloaliphatic and aromatic diisocyanates with a ratio of 65:35. Aluminum alloy 2024-T3 substrates were used with the intention of ensures the adhesive can be used in aircraft or automotive application. The substrates were pre-treated by two different surface treatment method i.e. alkaline etching and; warm water treatment followed by silanization.
Material and Methods
Materials. Polyol based on PCL/PKO with hydroxyl value of 522 and molecular weight of 754 Daltons has been prepared earlier using a method described in other study [6] . 2,4-diphenyl methylene diisocyanate (MDI) with NCO content 31% was obtained from Maskimi Polyols Sdn. Bhd., bis(4-isocyanotocyclohexyl) methane (H 12 MDI) with NCO content 32%, sodium hydroxide (NaOH) and ethanol was purchased from Sigma Aldrich. ɣ-Glycidoxypropyltrimethoxysilane A 187 (ɣ-GPS) was supplied by Momentive.
Pre-treatment with 5% NaOH Solution. Aluminum alloy Al 2024-T3 was used as a substrate. The substrates were cut according to ASTM D1002-72 with a dimension of 25.4mm x 102mm x 1.6mm. The surface of substrates was grinded using an abrasive paper with grit 600. They were then wiped clean with tissues, soaked with acetone, to remove greases, dirt and etc. Then, the substrates were alkaline etched by immersion in a 5% NaOH solution for 5 min at room temperature. Immediately after etching process, the substrates were rinsed using deionized water. The smut layer caused by the alkaline etching was then removed by immersion in a 30% HNO 3 solution for 30 s and finally the substrates were thoroughly rinsed using deionised water and dried in an oven at 40 o C for 30 minutes. Then, the PU adhesive was immediately applied on the substrates, to prevent the adsorption of airborne organic contaminants, which occurs rapidly and is known to cause a decrease in reactivity of the aluminum substrates [7] .
Pre-treatment with Warm Water and 1% ɣ-GPS Solution. The substrates has undergone a process of grinding and cleaning the same with the pre-treatment with NaOH solutions. Then, the substrates were treated in warm water (50 o C) for 30 min, rinsed with distilled water and dried in ambient air. Aluminium were then dipped in 1% ɣ-GPS solution, prepared with a ratio of 1ml ɣ-GPS to 99 ml ethanol under continuous stirring for 30 min, for a duration of 5 min for surface silanization. The silane films were dried in ambient air and then held at 110 o C in air for 30 min.
Preparation of Polyurethane Adhesive. PU adhesive were prepared in a clean dry paper cup. Two types of isocyanate i.e. MDI and H 12 MDI with a ratio of H 12 MDI:MDI is 65:35 was added to the required amount of polyol resin. The ratio of NCO:OH was also varied from 1.3 to 1.7. The mixture was well mixed using a glass rod for about 30 s and immediately applied on the substrates using a brush.
Surface Roughness. A surface profilometer, Infinite Focus Alicon, was used to determined the roughness profile, before and after surface treatment. Measurements were performed in different areas, along three different directions, of the same surface in order to verify the treatment uniformity and the average roughness values, R a were calculated.
Contact Angle. The determination of contact angle on the substrate surfaces with different pretreatment processes were performed by using Rame-hart contact angle Goniometer. Deionised water and PU adhesive resin were used as liquids to drop onto the surface of the substrates. For each material, five drops of water were placed along the surface to obtain the average of 10 readings for each sample. A standard deviation between measurements less than 3% was the higher limit to accept the value.
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Contact angles are closely related to wettability. A liquid (adhesive) will wet a solid (adherend) when its surface energy is lower than the solid surface energy. Balance of forces or equilibrium at the solid-liquid interface is given by Young's equation for contact angles greater than zero (see Fig.  1 ): (1) where θ is the contact angle, and ɣ lg , ɣ sg and ɣ sl are the surface free energies of liquid-gas, solid-gas and solid-liquid interfaces, respectively [8] . A smaller contact angle means that more of the fluid spreads over an area for a given fluid volume; hence the fluid has a high wettability on that surface.The surface tension of the liquid is then equal to the critical surface tension of the substrate. Large contact angles are associated with poor wettability.
Fig. 1: Contact angle
Single Lap Shear Test. Specimens of single lap shear test were prepared according to ASTM D1002-72. The overlapped area was 12.7 x 25.4 mm 2 . The substrates were aligned and pressed with clips. A load of 1 kg was placed over the joint to squeeze out extra resin until the uniform thickness of 0.1mm was obtained. Testing of bonded joints was carried out with Universal Testing Machine model Instron equipped with 35kN load cell to measure lap shear strength of the Al joints. Ten samples of each case were tested in tensile load. The crosshead speed was kept at 0.5 mm/min. The shear stress was evaluated by the formula: τ = P/A, where P is the tensile load and A is the joint overlapped area.
Results and Discussion
Surface Roughness. The average roughness is the area between the roughness profiles over the evaluation length. The average surface roughness, R a values obtained from the measurement profile on aluminum substrate are shown in Table 1 below: Wettability Measurement. Figure 2 shows the image of liquid/resin drops on Al2024 before and after surface treatments. From the image, it is clear that the contact angle between deionized water and Al2024 was decreased after both of surface treatments. The contact angle between deionized water and Al2024 after immersion in warm water and silanization with ɣ-GPS shows the smaller contact angle, 52 o compared to the one has undergone alkaline etching treatment (θ=60 o ).
This indicates that the treatment with warm water and ɣ-GPS gives better wettability to the substrate surface. The trend is also can be clearly seen in Figure 3 which the contact angle, θ of Al2024 with warm water and ɣ-GPS treatment < θ of Al2024 with NaOH treatment < θ of untreated Al2024.
The similar behavior of the three PU adhesive resin/Al2024 surface is the evident that the treatment with warm water and ɣ-GPS shows better wettability than the alkaline etching treatment. Furthermore, a high roughness favors the creation of well-defined drop spreading. This phenomenon is due to chemical interaction between the resin and substrates [9] . The effect of roughness on wettability is shown in Figure 4 . The wettability becomes better as the roughness increases. Lap Shear Strength. The shear strength of PU adhesive bonding is shown in Figure 5 . It is also shown the effect of NCO:OH ratio on adhesive performance. As the NCO content increases, the adhesive performance improves. The trend of increasing lap shear strength for substrates after surface treatment is very clear. The observed trend is correlated solely to the wettability of liquid or PU adhesive resin on the Al surface. The contact angle between liquid/Al surfaces is inversely proportional to shear strength of adhesive bonding. When the contact angle is smaller, the wettability is better. This is because of the strength of solid/liquid and liquid/liquid interactions are strong. In the hydrophilic or lyophilic case, the drop either follows the topography, which generates an efficient decreasing of the contact angle, or it spreads inside the solid texture, and then coexist with the solid filled with liquid [10] . Thus, increases the shear strength as the PU adhesive is set or cured.
The effect of surface roughness on shear strength of adhesive bonding is shown in Figure 6 . The shear strength of adhesive bonding increases when the roughness is increased. This is due to the mechanical interlocking theory of adhesion which states that good adhesion occurs only when an adhesive penetrates into the pores, holes and crevices and other irregularities of the adhered surface of a substrate, and locks mechanically to the substrate. Both pre-treatments result in microroughness (Table 1) on the substrate surface, which can improve bond strength and durability by providing mechanical interlocking. This is due to the surface area is increased by the surface roughness.
Conclusions
Adhesive bonding is found to display an interesting dependence on surface treatment and roughness. The chemicals used and methods of surface treatment are main factors in contributing a good adhesion between adhesive resin and substrate. Different methods of treatment give different results of surface roughness. This phenomenon also influenced the wettability of liquid/substrate surface. Surface treatment with warm water and ɣ-GPS gives better wettability and adhesive bonding compared to alkaline etching surface treatment.
